Abstract. High-resolution two dimensional gel electrophoresis has been used to study the patterns of protein synthesis in imaginal discs of Drosophila melanogaster. In this paper we first compare the patterns of protein synthesis in wing, haltere, leg 1, leg 2, leg 3 and eye antenna imaginal discs of late third instar larvae. We have detected only quantitative changes: differences in 17 proteins among the different imaginal discs. In addition, we have analysed the variations in pattern of proteins in the wing disc of the last larval stage and early pupae as well as in wing discs cultured in vivo for 6 days. Variations in these patterns affect more than 20% of the proteins and involve both qualitative and quantitative changes. Some of the changes may correspond to protein phosphorylation. Correlations of these changes between discs and through development are also discussed.
Introduction
Imaginal discs of Drosophila provide an experimental system for the analysis of mechanisms controlling cell proliferation, morphogenesis and cell differentiation. A large body of evidence indicates that cells of imaginal discs acquire segmental and compartmental specifications early in embryogenesis (Garcia-Bellido and de Celis 1992). Regional specifications within discs appear during the proliferation phase in larval life, and are expressed during metamorphosis as a segment-and discspecific pattern of cell differentiation. Imaginal disc differences must reflect differences in the proteins synthesized. In this paper we compare the protein content of cells of different discs, making use of high resolution two-dimensional (2-D) gel electrophoresis. We have preCorrespondence to: F. Santardn viously constructed a catalogue of proteins of wing imaginal discs from late third instar larvae of D. melanogaster as a standard for comparison (Santar6n and Garcia-Bellido 1990; Santar~n 1990; Assiego and Santar6n 1992) . Previous results have shown great reproducibility and few individual or strain variations. Therefore, we can now extend this analysis to a comparison of this standard pattern with those of haltere, leg 1, leg 2, leg 3 and eye-antenna imaginal discs of the same developmental stage. Previous studies along this line have provided conflicting results, showing either qualitative differences amounting to 15% of the detected proteins (Rodgers and Shearn 1977) or no differences between discs (Greenberg and Adler 1982; Ghysen et al. 1982) . The high resolution method at our disposal has allowed us to revise this comparison. Thus, we have identified a set of polypeptides whose levels of expression vary quantitatively between the different imaginal discs.
Some of the differences found between the various imaginal discs could be due to changes in their level of expression during development. We have therefore compared the patterns of proteins synthesized in the wing imaginal discs of three different stages of development around pupariation. We complete this analysis with the study of protein patterns of wing discs after 6 days of culture in the abdomens of adult females. We have detected both qualitative and quantitative changes in these analyses.
Materials and methods

Stocks.
We used the wild-type strain Vallecas of Drosophila melanogaster as in previous studies.
Preparation of probes.
Imaginal discs were dissected (with tungsten needles) from larvae (18-24 h or about 0-4 h before puparium formation -BPF -i.e. crawling, mature larvae) and pupae (4-8 h or 70-72 h after puparium formation -APF) using a fibre optic light source to prevent heating of the tissue during the operation. Dissections were carried out in buffered Ringer's solution (10 mM Trizma base; 95 mM NaC1; 3 mM CaC12; 3 mM KC1, adjusted to Three areas of interest (enlarged in Figs. 2, 3 and 5) have been enclosed in boxes with discontinuous lines, a, actin; NEPHGE, non-equilibrium pH gradient electrophoresis; IEF, isoelectric focusing pH 7.0) freshly made and filtered through a 0.22 gm filter. As a rule we used ten imaginal discs in each labelling experiment. Whereas imaginal discs of mature larvae appear upon dissection as compact entities, easy to isolate and handle, the evaginated discs after pupariation become swollen, looser and difficult to dissect. At subsequent hours the discs prove to be impossible to isolate intact. Discs of 70-72 h-old pupae are already engaged in cuticular differentiation and again become more easy to handle. From these discs, and in order to prevent contamination with other cell types, we have exclusively dissected the appendage part of the disc, the wing, leaving the notum in the pupal carcass. Dissected discs were placed in 100 gl of buffered Ringer's solution in a well of a Microtest II tissue culture plate (Falcon N ° 3042) and maintained for 60 rain at 25 ° C before labelling. Subsequently, the discs were incubated for 60 rain in 50 gl of Ringer's containing 50 gCi of [~SS]methionine (SJ 204; Amersham, UK) at 25 ° C. Following incubation, the medium was removed and the discs resuspended in 100 p.1 of lysis buffer.
In another set of experiments, wing imaginal discs from mature larvae were implanted into the abdomens of mated females where they were cultured for 6 days. The metabolic activity of these hosts is known to be favourable for in vivo tissue culture (Garcia-Bellido 1965) . After that time, the wing discs were dissected out and labelled with [3SS]methionine for 90 min as above.
Two-dimensional gel electrophoresis. Two-dimensional gel electrophoresis was performed as previously described by O'Farrell (O'-Farrell 1975; O'Farrell et al. 1977) with some modifications (Santar+n 1990) . Briefly, the first dimension separations for resolving acidic proteins (isoelectric focusing, IEF) were performed in 230 × 2.3 mm 4% (w/v) polyacrylamide gels containing 2% ampholytes (1.6%, pH 5-7; 0.4%, pH 3.%10) at 1200 V for 20 h. Those for resolving basic proteins (non-equilibrium pH gradient electrophoresis, NEPHGE) were carried out on 150 x 2.3 mm 4% (w/v) polyacrylamide gels contianing 2% ampholytes (1%, pH %9; 1%, pH 8-9.5) at 400 V for 4.5 h. The second dimension separations were carried out in a 15% polyacralmide gel (24×24cm), run overnight at room temperature. Gels were processed for fiuorography (Laskey and Mills 1975) , dried, and exposed at -70°C for various periods of time. Approximately 106 trichloroacetic acid (TCA)-precipitable cpm [3SS]methionine was routinely applied to each gel. Optical density of spots on the developed autoradiograms was measured with a Molecular Dynamics laser scanner (Model 30O a).
Variations in the protein pattern were classified into four types by comparison with the standard protein map of the wing disc of mature larvae (Santaren and Garcia-Bellido 1990); Firstly, there were two kinds of qualitative changes, involving the presence of a novel protein (Type I) or absence of a previously detected standard protein (Type II), and secondly, two kinds of quantitative changes involving an increase (Type III) or decrease (Type IV) in the relative rate of synthesis of a given protein. We have to bear in mind that there are no discontinuities between qualitative and quantitative changes, and the presence or increase (or decrease and absence) of a given protein is the most apparent fit depending on the exposure time of the fluorograms.
Results
[ 3 5 S ]methionine labelling
In this research we have used an improved method of methionine labelling (Santarbn and Garcia-Bellido 1990).
[35S]methionine incorporation into TCA-precipitable counts is considerably higher than those previously reported (Greenberg and Adler 1982) . We observed the highest levels of protein synthetic activity in Fig. 2 . Protein differences between imaginal discs. Close-ups showing only the area of interest, corresponding to polypeptide IEF 1% (arrow) in wing, leg 2 and eye-antenna imaginal discs wing imaginal discs, obtaining 715,000 + 230,000 cpm incorporated/disc per hour. The results obtained in the other imaginal discs are" 265000+ 58000 cpm (haltere), 310000+_71000 cpm (leg 1), 245000+66000 cpm (leg2), 280000+72000cpm (leg3) and 620000+ 180000 cpm (eye-antenna). These results are the mean value of at least eight experiments. Cultured wing discs in an adult host yield 98 500 cpm/disc per 90 minutes. This high level of incorporation enabled us to make twodimensional gels using very few discs (Santar6n and Garcia-Bellido 1990) .
Protein pattern variations between imginal discs
For comparison, we reproduce in Fig. 1 the map of proteins of wing discs labelled with [3SS]methionine (cf. Santaren and Garcia-Bellido 1990). It shows representiative fluorograms from two-dimensional gels of polypeptides from wing imaginal discs of standard mature larvae, one acidic (IEF) the other basic (NEPHGE). In IEF the pH ranges from 7.5 (left) to 4.5 (right). In NEPHGE the pH ranges from 7.5 (right) up to 9 (left). Polypeptide IEF 19a is indicated with an arrow and other spots were numbered as described in Santar~n and Garcla-Bellido (1990) Given the reproducibility of the gels, a total of 1 025 polypeptides (787 acidic and 238 basic) have been identified and numbered as in our standard data base of proteins (Santar6n and Garia-Bellido 1990) .
We have compared this map with the patterns of proteins obtained in haltere, leg 1, leg 2, leg 3 and eyeantenna imaginal discs from the same larvae also labelled with [35S]methionine. The first conclusion drawn from these experiments is that the patterns of labelled polypeptides from wing, haltere, leg 1, leg 2,leg 3 and eye-antenna imaginal discs all have the same total Ii, 12 and 13 in wing, haltere, eye-antenna, leg 1, leg 2 and leg 3 imaginal discs number of spots. We fave found, however, some significant changes in the relative amount of some individual proteins in different imaginal discs. Two major types of quantitative changes were detected, involving either an increase (Type III) or decrease (Type IV) in the relative rate of synthesis of a polypeptide compared with that of the standard wing. To illustrate this, in Fig. 2 we show the region correpsonding to acidic gels (IEF) of wing, leg 2 and eye-antenna imaginal discs that include spots 20, 22 and 23 as a good example of a Type III change: protein IEF 1%, present in the wing imaginal discs, appears clearly increased in the other two types of imaginal discs. When this region of the gels is analysed in more detail using a laser densitometer, we obtain the type of synthetic images that are represented in Fig. 3 , In this figure we have included the symbols that enable us to identify most of the polypeptides present in that area of the gel, following the notation in our catalogue (Santar6n and Garcia-Bellido 1990) . Figure 4 shows another example of a Type III change, in this case corresponding to polypeptide IEF 33 ×. This polypeptide increases its level of expression 10 times in leg 1, 20 times in leg 2 and 10 times in leg 3 compared with the wing imaginal disc. Figure 5 shows examples corresponding to basic proteins, including regions of gels of the six kinds of imaginal discs analysed. The polypeptide NEPHGE 12 is an example of a Type IV change: a protein present in the wing imaginal disc that decreases its levels of expression in all the remaining five discs analysed. By contrast, polypeptide NEPHGE 13 shows variations of both Type III and Type IV, decreasing its levels of expression in halteres and leg 3 but increasing it in leg 1 and leg 2. Figure 6 summarizes the quantification of the most values. The largest differences were found between the eye-antenna and wing imaginal discs, which differ in 15 polypeptides, followed by the leg discs (12 changes) and haltere disc (10 changes). Eight proteins change their level of expression in all the five imaginal discs, four proteins change in four discs and five proteins only differ in one disc, which is always the eye-antenna disc.
The most dramatic change corresponds to polypeptide IEF 19a, which increases its level of expression in the eye-antenna disc by 30-fold compared with the wing. The changes in the haltere are towards larger amounts In another four cases we observed variations with more or less protein synthesis than leg 2. In the remaining four cases we found a linear increase along the anteroposterior axis of the fly involving the three leg imaginal discs (NEPHGE 12) or only two (IEF 39 h), or else a linear decrease involving three (NEPHGE 13) or only two leg imaginal discs (IEF 41).
Changes in protein patterns of the wing disc during development
Some of the polypeptide changes described in Fig. 6 could be due to physiological variations in their degree of progression towards metamorphosis. Thus, we have studied the patterns of proteins in wing disc developmental stages around pupariation compared with our standard wing imaginal disc (0-4 BPF); pattern of larvae 18-24 h BPF and of pupae 4-8 and 70-72 h APF. Figure 7 illustrates some of the observed changes. Figure 7A shows a large region of IEF gel corresponding to wing imaginal discs from standard larvae (0-4 h BPF) and Fig. 7B stages studied is relatively small, affecting only three polypeptides. By contrast, the pupal patterns (4-8 and 7~ 72 h APF) reveal significant changes relative to late third instar discs. They are as follows:
Qualitative changes (type I and II). With regard to Type
I changes in the pupal period, at least 16 new polypeptides (15 IEF and 1 NEPHGE) appear in the wing imaginal disc of pupae of 4-8 h APF. Some changes may correspond to phosphorylation of the same protein because of the small changes in Rf values (in brackets in Table 1 ). In purpae of 70-72 h, the number of new polypeptides that appear increases to 71 (66 IEF and 5 NEPHGE) including 10 of the Typ I changes, as compared to young pupae (underlined in Table 1 ). Again, some of these changes may correspond to protein modifications (in brackets in the Table 1 ). It is interesting to note that the most basic forms of the three polypeptides that presented modifications in young pupae appear in pupae of 70-72 h. Type II changes include only 4 IEF polypeptides that disappear in young pupae. This number increases to 62 (48 IEF and 14 NEPHGE) in older pupae, including the 4 later changes (underlined in Tablel).
Quantiative changes (Type III and IV) . In Type III changes, 27 proteins (19 IEF and 8 NEPHGE) increase their level of expression in young pupae, and this number reaches 51 (42 IEF and 9 NEPHGE) in pupae of 70-72 h. Only 5 polypeptides (3 1EF and 2 NEPHGE, underlined in Table 1 ) are common to the 2 ages analysed, indicating the transient nature of the increases detected in younger pupae.
In Type IV changes, 10 proteins (8 IEF and 2 NEPHGE) decrease their level of expression in young pupae (Type IV) but only I (IEF 32i) retains this low level in older pupae. Of those 10, 4 (2 IEF and 2 NEPHGE) finally disappear in pupae of 70-72 h. The total number of proteins whose level decreases in older pupae is 38 (27 IEF and 11 NEPHGE).
Changes in protein patterns in explanted wing imaginal discs
In order to distinguish specific changes associated with growth as opposed to differentiation processes during 137 metamorphosis, we have analysed the pattern of polypeptides in explanted wing imaginal discs of mature larvae. It has been shown that transplantation of imaginal discs of first instar larvae into adult host allows for their complete development, short of entering the differentiation steps of pupal metamorphosis (Hadorn and GarciaBellido 1964) . In this study we implanted wing discs from mature larvae to mated females. After 6 days of culture the wing discs were labelled with [35S]methioninc. We found several types of changes after the experiment: qualitative changes involving the presence of novel proteins (Type I) and two quantitative changes corresponding to either an increase (Type lid or a decrease (Type IV) in the relative rate of synthesis of specific proteins (Table 1) .
With regard to Type I changes, only three new IEF polypeptides appear in the explanted wing imaginal discs. One of them (19 500/0.19) was also present in the wing disc from pupae of 70-72 h. With regards to Type II1 changes, five proteins (four IEF and one NEPHGE) increase their level of expression in explanted discs, one of which (NEPHGE 16 d) also appears in the two pupal stages. Five proteins (three IEF and two NEPHGE) decrease their level of expression in explanted wing discs (Type IV). One of them (IEF 38q) also decreases in young pupae and another (NEPHGE 3) in older pupae.
Discussion
The distinct segmental origin of imaginal discs, as well as the singularities of their subsequent morphological development, suggest differences in patterns of gene expression. Along with these differences, imaginal discs must share many gene products related with overall cell proliferation and cuticular differentiation. Two-dimensional gel electrophoresis can help us to get a glimpse of topographical and temporal changes in gene expression patterns in different imaginal discs.
Several researchers have previoulsy used the O'Farrell technique to analyse variation of patterns of protein synthesis in different imaginal discs of Drosophila. There have been conflicting results. Rodgers and Shearn (1977), using [35S] methionine incorporation in vivo followed by dissection and homogenization of discs, detected only 315 polypeptides, 268 of them being common IEF, Isoelectric focusing; NEPHGE, non-equilibrium pH gradient eIectrophoresis; BPF, before puparium formation; APF, after puparium formation; underlined, common polypeptides in the two pupal ages analysed; in brackets, possible states of phosphorylation of the same protein; asterisk, proteins that also show different degrees of expression in the different imaginal discs analysed (see Fig. 6 ) a Type I: Absent in larvae (0-4 h BPF), present in larvae (18-24 h BPF), pupae (4-8 h APF), pupae (70-72 h APF) or explanted discs b Type II: Present in larvae (0-4 h BPF), absent in larvae (~8 24 h BPF), pupae (4-8 h APF), pupae (713-72 h APF) or explanted discs ° Type III: Lower level in larvae (0-4h BPF), higher level in larvae (18 24 h BPF), pupae (4-8 h APF), pupae (70-72 h APF) or explanted discs d Type IV: Higher level in larvae (0-4 h BPF), lower level in larvae (18-24h BPF), pupae (4.8 h APF), pupae (70-72 h APF) or explanted discs e Numbering in II, III, and IV refers to Table I in Santaren and Garcia-Bellido (1990) to wing, leg and eye-antennal discs and the rest either exclusive to a particular set of discs (wing and leg, wing and eye-antennal or leg and eye-antennal) or disc specific. Greenberg and Adler (1982) , in hand dissected discs using [3SS]methionine incorporation in vitro, and Ghysen et al. (1982) following a similar procedure, did not find qualitative differences between the same sets of discs in more than 500 spots stained with silver.
Our results include the analysis of 1025 polypetpides, following more gentle procedures and using fewer discs per experiment. Our conclusions agree with those of the last two papers in failing to detect qualitative differences between discs of mature larvae. The high number of spots we identified may still represent a low fraction of the total number of genes expressed in the corresponding imaginal discs at that time of development. The resolution of the method can hardly be estimated, because we do not have independent genetic or molecular criteria as to the number of active genes in these discs. Thus, compared with the total number of active genes in the fly -of the order of several thousand different gene products -the proteins detected with the present 2-D gel methods, in a given tissue and at a given time of development, are only a small fraction of the expected total.
In fact, we have found only specific quantitative differences between discs, affecting 17 polypeptides (about 1.7% of the total spots). Of these, the major differences occur in the eye antennal disc, the minimal ones in the haltere disc. Leg discs are intermediate and very similar to each other. These results are in agreement with developmental genetic data. Ventral appendages (legs and antenna) on the one hand and dorsal (wing and haltere) on the other belong to the same series of homologous organs (Garcia-Bellido 1977) . The major differences of the eye disc may possible be due to the ommatidia component, very advanced in its differentiation in late larvae (Benzer 1973) . There are no obvious correlations between discs belonging to the same segment (wing and second leg, haltere and third leg) which had been expected to be under the control of the same homeotic selector genes (Garcia-Bellido 1977) . The observed differences can hardly be accounted for by the specific presence/absence in the discs of cells of other histotypes, because all discs have, in addition to epidermal cells, adepitelial cells, neuronal precursors and contaminating blood cells (Poodry 1980) . Thus, we cannot ascribe disc differences to any known specific developmental property of the discs (with the possible exception of ommatidia). From these groups of proteins, seven (40%; * in Table 1 ) are also involved in temporal changes, as detected in the wing discs. Thus, pattern differences between discs could reflect different stages in the same progression to metamorphosis, relative to each other.
Temporal changes have been studied in some detail in the wing disc. Whereas two stages of development of larval wing discs show no qualitative differences, large differences appear as the disc progresses through the pupal period. The changes found in 4-8 and 70-72 h pupae are possibly genuine developmental changes because discs can be cleanly dissected out. These changes include appearance (Type I) or increase (Type III) of already present proteins in the larva. Some of these proteins remain in older pupal discs, and new ones appear. A large fraction of these changes could correspond to phosphorylation/dephosphorylation modifications of the same proteins, 3 out of 16 in 4-8 h, and 8 out of 71 in 70-72 h pupae. All these protein changes relative to the larval discs possibly correspond to the expression and/or functional modification of histotypic differentiation genes: epidermal cells differentiating cuticle, nervous cells differentiating into neurons and mesodermal cells into muscles. Also of interest are those pupal disc proteins that disappear (Type II) or decrease (Type IV) their rate of synthesis compared to larval discs. They are likely products of genes involved in cell proliferation and morphogenesis.
We have only found a few changes in protein synthesis in explanted wing discs, cultured in adult hosts and thus prevented from undergoing the hormonal changes of metamorphosis occurring in situ. Three correspond to temporal changes (underlined in Table 1 ) and another (IEF 1 lzl) is involved in variations (Fig. 6) . The remaining nine are specific to the explant and may correspond to differential responses to the new hormonal milieu, and one (53700/0.95) may involve phosphorylation of a pupal protein.
The present report should be considered as a reference data base for subsequent studies using genetic variants. The molecular identification of catalogued proteins and the study of set variations in mutant backgrounds is expected to help sort out the genes involved in morphogenesis and differentiation in imaginal discs.
